Uniaxial compressive strength (UCS) of intact rock is particularly important in rock mechanic studies, especially for those involving civil and mining projects. However, the determination of UCS using direct test is generally expensive, time consuming and almost impossible in preparation of samples for highly weathered sedimentary rocks. In view of this, indirect tests are comparatively cheap, simpler, faster and more convenient to perform either in laboratory or at site. This paper aims to develop an estimation procedure in determining the UCS values of such weak weathered rocks. Among the indirect tests present herein are point load index, Schmidt Rebound hammer, Brazilian tensile test and slake durability test. Unfortunately, it was found that the accuracy of each single test varies with weathering states. Hence, a recommended procedure using combined indirect tests in determining UCS of weak sedimentary rocks is presented herein.
1.0 INTRODUCTION
Intact rock strength is particularly important in rock mechanics engineering. The strength of rock is the most important input parameter used in the engineering projects such as excavation, mining and slope stability. Uniaxial Compressive Strength (UCS) test is inevitably the most reliable means to determine the rock strength. However, it is almost impossible to prepare the UCS samples for weathered weak sedimentary rock.
1,2,3 Besides, it is also the most expensive and timeconsuming practice since it involves the transportation of the samples to laboratory and its testing is based on strict laboratory procedures.
Hence, it is particularly important and necessary to conduct indirect tests to estimate the UCS value of such rocks.
In this paper, the results of various indirect tests performed to determine their suitability in estimating the intact rock strength are presented. The indirect tests used in this study are Point load test, Schmidt Rebound hammer test, Brazilian test and slake durability test. As a matter of fact, many researchers have studied the relationship between indirect tests and UCS values. For point load test (PLT), the relationship between point load index and UCS for hard rock has long been introduced. The most frequently cited correlations between Point load index (Is) and UCS are UCS = 24Is , 4 UCS = 22.7 Is , 5 and UCS = 20-25Is. 6, 7 Unfortunately, the above mentioned empirical equations were dedicated for hard rocks and correlations for weathered sedimentary rock which is weak in nature are yet to establish.
On the other hand, past researchers also proposed empirical equations for evaluating the rock strength based on Rebound hammer value (R). The philosophy behind is the Schmidt hardness and the UCS are closely related. Miller suggested a correlation tables which reflects the relationships between unit weight, 8 11 Sachpazis developed a formula relating the UCS and young's modulus. 12 Aggistalis et al. compared the point load index, R values and E of gabbros and basalts, and an empirical formula was proposed for these rocks. 13 Katz et al. compared R with the UCS, E and rock density of different types of rocks.
14 Kilic and Teymen proposed an empirical formula between Schmidt harness and UCS for igneous rock. 15 It was established that the Schmidt Rebound value, R can be correlated with the rock strength based on these extensive literature review. However, the correlations for weathered sedimentary rocks have not yet been established and the direct application for these existing empirical formulas is being questioned due to large varieties of rock properties in weathered sedimentary rock. Table 1 shows the proposed correlation between the Schmidt hammer values and UCS.
Studies have also shown that compressive strength can be related to tensile strength of rock samples. The accuracy of the correlation is highly dependent on the ratio between compressive strength and tensile strength of the rock material. 16, 17 Kahraman et al. conducted a research on UCS and Indirect Tensile Strength (ITS) of different type of rocks. 18 Based on their studies, a linear correlation was proposed. Farah showed in her study that the correlation of UCS with ITS is better compared to Is. 19 Altindag and Guney found strong correlation between UCS and ITS for wide range of rock typses. 20 Din and Rafigh found this correlation can also be extended to limestone in Pakistan.
21 Table 2 shows the correlations between UCS and ITS.
Comparatively, there are only few studies relating the UCS with durability of rock. Eigenbrod found in his study that UCS reduction correlated well with decreased durability. 22 Unfortunately, no correlations were developed for UCS and slake durability strength (SDS). Bonelly, 23 and Cargill and Shakoor, 24 tried to develop the correlation between UCS and SDS. Bonelli concentrated on sandstones, 23 whereas Cargill and Shakoor focused on carbonate and granitic rocks. 24 They concluded that SDS would be useful when a wide range of values could be obtained particularly for weak or highly weathered rocks. 
2.0 GEOLOGY OF STUDIED AREA
This study aims to investigate the properties of tropically weathered sedimentary rock in Nusajaya, Jurong Formation. The samples were collected from three separate sites namely SiLC 1, SiLC 2 and Legoland. The rock mass in these sites were mainly composed of shale and immature sandstone, with very little siltstone, conglomerate and volcanic layers. In accord with the regional strike, this feature swings from north-northwest direction in the north to west-northwest in the south. The ridge is composed mainly of argillaceous rocks and has been subjected to considerable dissection. 
Properties of Weathered Sandstone and Shale
Tropic country has sunny flux all the year (22-32ᵒC), high moisture content in air and underground, high quantity of rain (> 1200 mm) and underground water of 28 ᵒC.
25
With these characteristics, climate has great influence to exegetic process especially to chemical weathering where high intensity of rain and high temperature will accelerate the weathering process.
Several studies have been done to further understand the geotechnical properties of weathered sedimentary rock in Peninsular Malaysia.
26, 27 The results show that material properties of rock deteriorate from the fresher material as more intense weathering took place. The weathered rock has lesser strength due to the presence of micro fractures and the loosening of the bonding between grains.
28
The weathering effect can take place up to 100 m down from the ground surface in tropical areas.
Generally, sedimentary rock mass consists of more than a type of rock and always forms alternate laminated because of natural forming process and also exposed to tectonic effect and pressure.
3.0 LABORATORY TEST PROCEDURE
Rock strength test is used to verify the resistance of rock against loading. The rock strength test can be classified as direct or indirect based on comparison between the outputs of the test with the desired testing properties. For instance, the output of point load test is pointload index but 'indirectly' used to estimate UCS value. UCS test is direct test as its output can be read as UCS value 'directly.' The summary of each test carried out is shown in Table 3 .
Uniaxial Compressive Strength Test
UCT is used for estimating the compressive strength of rock specimens under uniaxial loading. The compressive strength of rock sample is obtained through loading rock specimens under either load-controlled condition or strain-
(1 Controlled condition depends on the accuracy requirement in stressstrain curve. Generally, both of them can produce accurate UCS values but the latter is more accurate in determining complete stressstrain curve. The testing of UCS sample is illustrated in Figure 2 (a).
In this study, a total of 29 and 9 UCS samples were prepared for sandstone and shale respectively. 
Point Load Index Test
The point load test has been used in geotechnical analysis of over thirty years. The test involves the compressing of a rock sample between conical steel platens until failure occurs. The apparatus for this test consists of a rigid frame, two point load platens, a hydraulically activated ram with pressure gauge to measure the applied load. The point load test is illustrated in Figure 2 (b). The ISRM established the basic procedures for testing and calculation of the Is. 29 The point load allows the determination of the uncorrected point load strength which is Is and to be corrected to the standard equivalent diameter (De) of 50 mm. if the core being tested is around 50 mm in diameter, correction is not needed. The procedure for size correction can be obtained graphically or mathematically as outlined by ISRM. 29 The value for corrected point load index, Is50 is determined by the following equation:
where P is the failure load. As pointed out by Hoek, 30 the mechanics of PLT has tendency to cause the rock to fail in tension. He found that the accuracy of PLT in predicting UCS has mainly depends on the ratio between the UCS and tensile strength. For most brittle rocks, this ratio is approximately 10 but for weak rocks, the ratio drops drastically to approximately 5. This implies that the Is might be not accurate for weak sedimentary rock. In this study, a total of 290 samples were tested, with 190 sandstone samples and the remaining are shale samples.
Schmidt Rebound Hammer Test
In this study, the L-type Schmidt hammer was used to measure Rebound value, R. The tests included conducting rebound hammer test in-situ of each panel on the abovementioned sites. At each point about 20 cm x 20 cm surface of the rock was prepared by peeling off using hammer and performing about 10 tests on each panel. Among the numbers obtained, 7 closest values were selected and the average value was considered as Schmidt number for that particular point.
where P is the load at failure, D is the diameter of the test specimen and t is the thickness of specimen.
Slake Durability Test
The slake durability test was originally developed by Franklin and Chandra, 33 recommended by ISRM. 32 It measures the percentage of dry weight of material retained in a steel mesh drum after rotation in a trough of water. Gamble encouraged the adoption of a second cycle after drying. 34 The slake test was originally developed to provide an indication of material behaviour during the stresses of alternate wetting and drying, which to some degree simulates the effects of weathering.
In using this method, 10-rock lumps were chosen with a mass-40-60 g to give a total sample mass of 450-550g. The maximum grain size did not exceed 3 mm. The lumps are roughly spherical in shape and rounded corners during preparation. The lump is placed in a clean drum and is dried to constant mass at a temperature of 105ᵒC
The procedure was following ASTM standards. 
Brazilian Test
There are many difficulties in performing a direct uniaxial tensile test on rock. Thus, Indirect Tensile test (ITS) or Brazilian test, has been proposed. The test involves of loading a rock cylinder diametrically between two platens. The diametric loading of a small rock disc is performed by Universal Testing Machine (UTM), which complies to ISRM requirements for the indirect testing of tensile strength. 32 The test method consists of loading the disc until failure occurs along its diametric axis. The disc is prepared from 48 mm diameter core samples with a thickness to diameter ratio of 1:2. In order to ensure uniaxial failure and hence the validity of the test, the failure of the disc should initiate at the center of the specimen. Due to the induction of high shear stresses at the point of contact, it is recommended that this test is only done on specimens with high shear to tensile stress ratio. The measurement of the tensile strength by the ITS give reproducible results. This is due to the smaller the size of specimen required for the test, a smaller initial sample is required. However, the necessity for machining and grinding make the preparation time is particularly inconvenient. The tensile strength of the specimen can be calculated using the following expression:
and requires 2 to 6 hours in an oven. The mass A of the drum plus sample is recorded. The sample is then tested after cooling.
The lid was replaced, the drum mounted in the trough and coupled to the motor. The trough was filled with slaking fluid, usually tap water at 20ᵒC, to a level 10 mm below the drum axis, and the drum rotated for 200 revolutions during a period of 10 minutes to an accuracy of 0.5 minutes. The drum was then removed from the trough, the lid removed from the drum, and the drum plus retained portion of the sample dried to a constant mass at 105ᵒC. The mass B of the drum plus retained portion of the sample is recorded after cooling. The steps were repeated and the mass C of the drum plus retained portion of the sample was recorded. The drum is cleaned and its mass, D was recorded. The slake durability index (second cycle) was calculated as the percentage ratio of final to initial dry mass samples masses as follows:
The second cycle slake durability index, calculated in Equation 3 is used in this paper. However, the samples with second cycle indexes ranging from 0 to 10 percent are further characterized by their first cycle slake durability indexes as follow:
where Id1 and Id2 are slake durability index for first cycle and second cycle respectively. Figure 3 shows the correlation made between Is50 and UCS. Figure  3 (a) and 3(b) present the correlation for sandstone and shale respectively. It should be noted that no fresh rock samples were discovered at study sites, hence no data for this particular weathering state is presented. Meanwhile for shale, only moderately weathered, highly weathered and completely weathered states were presented due to the similar reasons as stated above. Based on close observation, it was found that the Is50 is best represented UCS for sandstone as the R 2 based on linear regression is 0.9239 indicating high correlation for sandstone compared to 0.7723 only for shale. This is mainly due to the assumption made for UCS values for highly weathered shale as no UCS sample can be prepared. In this study, it is assumed that the UCS value for highly weathered shale is zero. However, the correlation for moderately weathered shale also can be seen scattered. This is mainly due to Shale has denser lamination structure compared with Sandstone and the loading tip can easily initiate the cracking between the lamination. It was observed in the test that when the orientation of lamination is almost parallel to the loading tip, even very small load can break the sample. As the investigation on the effects of orientation of lamination to PLT value is beyond the scope of this study, detail discussion will not be made herein. Hence, it is recommended that PLT can be used to estimate UCS strength for sandstone from slightly weathered state rock to completely weathered state rock. The use of PLT to estimate shale is not recommended. Figure 4 shows the correlation between rebound hammer value, R and Is50. Theoretically, the compressive strength of a rock material can be represented by surface hardness, but the results from the linear regression shown counter-intuitive.
Estimating ICS using Is50

Estimating UCS using R
As can be seen in Figure 4 , both R values for sandstone and shale do not correlate well with UCS. The linear regression R 2 values for sandstone and shale is 0.5954 and 0.9122 respectively showing noncorrelation. The high R 2 value for shale is due UCS value and R value for highly and completely weathered shales returned to zero. However, as can be seen in PLT test, shale from these weathering zones present very small compressive strength. Hence it is assumed that rebound hammer test is too insensitive to be used to test highly weathered and completely weathered shale. Higher scatter can be observed with the increase of weathering states for sandstone mainly due to the insensitivity of the rebound hammer. Hence, it is not recommended to use R value to estimate the UCS value for weathered weak sedimentary rocks. Figure 5 shows the correlation between ITS and UCS. As discussed previously, the accuracy of the correlation between ITS and UCS depends on the ratio of compressive and tensile strength of the rock material. Figure 5 confirms that ITS is appropriate to be used in estimating UCS vale for sandstone and sufficiently adequate for moderately weathered shale as the ITS and UCS shows constant linear relationship. In fact, this finding has been widely reported elsewhere where UCS can be proportionately represented by ITS [16] [17] [18] [19] [20] [21] . However, due to the difficulties in sample preparation, it is also not recommended to use ITS for samples with higher weathering state. Figure 6 shows the correlation between slake durability index and UCS values. It should be noted that all the slake durability index here were obtained based on second cycle values except completely weathered sandstone and highly weathered cum completely weathered shale using first cycle values. This is due to the latters are too weak to perform second cycle.
Estimating UCS using ITS
Estimating UCS using Slake Durability Index
For sandstone, the slake durability index is well correlated with UCS except for slightly weathered sandstone. This might be due to 1 cycles tests have negligible effect on this type of material hence led to inaccurate results. On the other hand, the correlation between slake durability index of first cycle and UCS is agreeable for shale, although small scatter can be found for moderately weathered shale. It also can be seen that slake durability index is more appropriate to be used for weak rock compared to strong rock. Hence, it is recommended that the slake durability index can be used to estimate UCS values for both sandstone and shale with weathering states beyond slightly weathered state. Table 4 lists the summary of indirect tests which are appropriate to be used for estimating UCS of sandstone and shale with different weathering states. The shaded box indicates the tests suitable to be used for this particular weathering state by considering the possibility in sample preparing and good correlation. 
5.0 PROPOSED TEST PROCEDURES
